ISTRIBUTION of therapeutic agents within the central nervous system (CNS) by using currently available delivery techniques is problematic. Systemic delivery is limited by the blood-brain barrier, nontargeted distribution, and systemic toxicity. Diffusion-dependent methods that deliver substances by "push-pull" catheters, 14 intrathecal injection, 5 miniosmotic pumps, 9 and drug-impregnated polymers 11 can result in nontargeted distribution and a volume of distribution (Vd) that is limited by molecular weight and infusate diffusivity. An approach developed to overcome the obstacles associated with current CNS drug delivery techniques is convectionenhanced delivery.
14
C-albumin to the striatum of 40 rats. The effect of the rate of infusion (0.1, 0.5, 1, and 5 l/minute), cannula size (32, 28, and 22 gauge), concentration of infusate (100%, 50%, and 25%), and preinfusion sealing time (0 and 70 minutes) on convective delivery was examined using quantitative autoradiography, National Institutes of Health image analysis software, scintillation analysis, and histological analysis.
Higher rates of infusion (1 and 5 l/minute) caused significantly (p Ͻ 0.05) more leakback of infusate (22.7 Ϯ 11.7% and 30.3 Ϯ 7.8% [mean Ϯ standard deviation], respectively) compared with lower rates (0.1 l/minute [4 Ϯ 3.6%] and 0.5 l/minute [5.2 Ϯ 3.6%]). Recovery of infusate was significantly (p Ͻ 0.05) higher at the infusion rate of 0.1 l/minute (95.1 Ϯ 2.8%) compared with higher rates (85.2 Ϯ 4%). The use of large cannulae (28 and 22 gauge) produced significantly (p Ͻ 0.05) more leakback (35.7 Ϯ 8.1% and 21.1 Ϯ 7.5%, respectively) than the smaller cannula (32 gauge [5.2 Ϯ 3.6%]). Varying the concentration of the infusate and the preinfusion sealing time did not alter the volume of distribution, regional distribution, or infusate recovery.
Conclusions. Rate of infusion and cannula size can significantly affect convective distribution of molecules, whereas preinfusion sealing time and variations in infusate concentration have no effect in this small animal model. Understanding the parameters that influence convective delivery within the CNS can be used to enhance delivery of potentially therapeutic agents in an experimental setting and to indicate the variables that will need to be considered for optimum use of this approach for drug delivery in the clinical setting.
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D cally examined their effect on the Vd, percentage of recovery, and infusate leakback.
Materials and Methods

Animal Preparation
Forty female Sprague-Dawley rats, each weighing between 300 and 350 g, were used. All procedures were performed in accordance with the regulations of the Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke and the National Institutes of Health (NIH) Radiation Safety Committee.
The animals were anesthetized with intraperitoneally injected chloral hydrate (4 mg/kg) and placed in a stereotactic frame. An incision was made in the midline from the glabella to the occiput. The underlying skull was exposed and a 2-mm burr hole was placed at the cannula insertion site. The cannulae were inserted stereotactically into the right striatum 0.5 mm anterior to and 2.5 mm to the right of the bregma, and 5 mm below the dura. A variable interval between placement of the catheter and the start of the infusion, the preinfusion sealing time, allowed for adhesion of the brain tissue to the needle. After completion of the infusion, the cannula was withdrawn at a rate of 1 mm/minute. Following the procedure, the animal was killed and the brain was immediately removed and frozen in isopentane at Ϫ70˚C. The rats were divided into experimental groups so that various parameters could be examined independently (Table 1) .
Infusion Apparatus
The hydraulic drive of the infusion apparatus consisted of a syringe pump that actuated the plunger of one of two 250-l Hamilton syringes connected serially by polyetheretherketone tubing filled with distilled water. The second 250-l syringe was secured to the arm of the stereotactic frame and its plunger was used to drive an abutting plunger of an infusate-filled gas-tight 10-l Hamilton syringe. The system was noncompliant with zero dead space. Its reliability and accuracy have been previously determined. 
Infusate Material
The infusate used in all experiments was bovine serum albumin (69 kD) labeled with a 14 C-methyl group (specific activity 0.024 mCi/mg). For infusion rate, cannula size, preinfusion sealing time, and full-concentration infusion experiments, the stock solution (buffered in 0.01 M sodium phosphate) was diluted (9.8:1 per volume) in 10 ϫ phosphate-buffered saline (PBS) so that the final osmolality was 280 to 290 mOsm. The solution was further diluted with 1 ϫ PBS for the 50% and 25% concentration experiments. Three microliters of Evan's blue dye (4.7 mg/ml of 1 ϫ PBS) were added to every 100 l of 14 C-albumin solution so that the site of infusion could be visualized grossly within the parenchyma during animal preparation.
Tissue Analysis
The rat brains were serially sectioned at a 20-m thickness on a cryostat (Ϫ18 to Ϫ20˚C). One of every five sections was placed on salinated slides and used for histological analysis and quantitative autoradiography. Two of every five sections were placed in 20-ml scintillation vials with 5 ml of scintillation fluid and used for scintillation analysis.
The sections mounted on slides were exposed to emulsion film. Films used for specimens that had received a 100%, 50%, or 25% concentration of infusate were exposed for 4, 8, and 16 hours, respectively. The autoradiograms were then analyzed using NIH image analysis computer software. A rodbard function was used to fit the optical densities of radioactive standards with known tissue equivalents. To define the boundaries of the infusion, a threshold of approximately 15% of the maximum tissue equivalent was used. The sum of the areas was then multiplied by 0.1 mm to determine the Vd. Leakback, the portion of the infused material that flows back along the cannula tract into the white matter, was quantified by superimposing corresponding histological sections and autoradiograms. The areas of infusion located outside of the striatum in the white matter tracts and in the cannula tract were determined using NIH image analysis software. The sum of these areas was then used to determine the Vd that was outside of the striatum. This was divided by the total Vd to calculate the percentage of infusate that had leaked out of the striatum.
The percentage of recovery was determined by obtaining the counts per minute of the tissue sample using a scintillation counter. The sum of the counts per minute obtained from the tissue samples was multiplied by 2.5 (because two of every five sections were taken for analysis) to determine the total amount of radioactive infusate contained within the tissues. To estimate the total amount of radioactivity delivered, a 1-l calibration sample was collected at the end of each infusion and the counts per minute were obtained for the sample and multiplied by 4 (because 4 l was infused in each experiment). The percentage of recovery was calculated by dividing the total infusate radioactivity recovered in the tissue by the estimated total amount of radioactivity delivered.
Statistical Analysis
Single-factor analysis of variance (ANOVA), the Student-Newman-Keuls test, and the unpaired Student t-test were used to determine statistical significance (p Ͻ 0.05). The ANOVA and the Student-Newman-Keuls test were used with comparisons among three or more groups. The unpaired Student t-test was used in comparisons between two groups.
Sources of Supplies and Equipment
The stereotactic frame used to secure the animals was obtained from Kopf Instruments (Tujunga, CA). The syringe pump (model 22) used in the infusion apparatus was purchased from Harvard Apparatus (S. Natick, MA) and the 250-l Hamilton syringes and * This set was also used for assessing sealing time. † This set was also used for assessing cannula size and infusate concentration.
the gas-tight 10-l Hamilton syringe were purchased from Thomson Instruments (Chantilly, VA). The 14 C-labeled bovine serum albumin was obtained from New England Nuclear (Boston, MA). The Hydrofluor scintillation fluid was obtained from National Diagnostics (Atlanta, GA) and the scintillation counter (model LS6000SE) from Beckman (Fullerton, CA). Biomax emulsion film was purchased from Eastman Kodak (Rochester, NY). The NIH Image 1.62 software program was developed by W. Rasband and is available from the NIH (Bethesda, MD). Statistical tests were performed using a Power Macintosh 7500/100 (Apple Computer, Cupertino, CA) with Microsoft Excel 5.0 software (Microsoft, Redmond, WA).
Results
Rate of Infusion
The Vd did not change with different infusion rates (p Ͼ 0.05), ( Table 2 ). The Vd/Vi ratio ranged from 4.7 to 5.2 (5 Ϯ 0.2; mean Ϯ standard deviation). The percentage of recovery was excellent at all rates of infusion (87.6 Ϯ 5.1%), but was highest at 0.1 l/minute (95.1 Ϯ 2.8%; p Ͻ 0.05). The infusate was distributed nearly exclusively in the striatum at the lower rates (0.1 and 0.5 l/ minute), ‡ Significantly more infusate leakback into the white matter than that found at infusion rates of 0.1 or 0.5 l/minute (Student-Newman-Keuls test, p Ͻ 0.05).
§ All values representing infusate leakback were significantly different from the other values (Student-Newman-Keuls test, p Ͻ 0.05).
FIG. 1. Upper and Center:
Nissl-stained coronal sections obtained from the center of infused areas of rat brain with corresponding autoradiograms superimposed to show the effect of infusion rate on leakback. In a section obtained from a rat infused at 0.1 l/minute, the infusion is contained within the striatum (upper), whereas in a section obtained from a rat infused at 5 l/minute, there is infusion leakback out of the striatum into the overlying white matter tracts (center). Lower: Bar graph showing a ➝ comparison of the amount of leakback associated with different rates of infusion. Leakback was greater with the two higher rates of infusion (1 and 5 l/minute) than with the two lower rates (0.1 and 0.5 l/minute), (p Ͻ 0.05).
